The High Optical Power Test Facility for Advanced Interferometry has been built by the Australian Consortium for Interferometric Gravitational Astronomy north of Perth in Western Australia. An 80 m suspended cavity has been prepared in collaboration with LIGO, where a set of experiments to test suspension control and thermal compensation will soon take place. Future experiments will investigate radiation pressure instabilities and optical spring effects in a high power optical cavity with ∼200 kW circulating power. The facility combines research and development undertaken by all consortium members, whose latest results are presented.
Introduction
In collaboration with the world gravitational wave community, the objectives of the Australian Consortium for Interferometric Gravitational Astronomy (ACIGA) are to undertake research and development aimed at improving the performance of present laser interferometer gravitational wave (GW) detectors through advanced designs to ultimate limits set by mechanics, quantum mechanics, lasers and optics.
As part of the research, ACIGA has built the High Optical Power Test Facility (HOPTF) on the site of the future Australian International Gravitational Observatory (AIGO) in Gingin, 90 km north of Perth in Western Australia. Three tests were designed in collaboration with the Laser Interferometer Gravitational-Wave Observatory (LIGO). The objective is to determine and measure the effects of high laser power in the test masses including thermal lensing due to losses in both the substrate and the coating, and optical spring effects due to radiation pressure.
These experiments are designed to provide experience in the operation of advanced laser interferometers which will require the conditions created in the Gingin test facility. The technology development necessary to achieve our goals includes new approaches to vibration isolation and facilities for high power laser operation. Radiation pressure, parametric instability, test mass developments and thermal lens compensation have also been assessed.
Lasers
High power lasers (∼100 W) are under development for the next generation of advanced interferometric GW detectors [1, 2] . An important step in this development is the 10 W laser developed by Adelaide University that has been recently installed at the HOPTF in Gingin. The design strategy for high power lasers is based on a power scalable, diode laser pumped continuous-wave Nd:YAG laser using a stable-unstable resonator. The use of an unstable resonator allows the mode volume in the gain medium to be increased, which reduces wavefront distortion and losses due to birefringence. They also offer efficient energy extraction, good mode discrimination and good beam quality at high powers. It has also being shown that the quality of the laser beam produced by an unstable resonator is less sensitive to changes in the refractive power of a thermal lens than a stable resonator [3] .
Previously, we have demonstrated 80 W output and that a stable/unstable resonator laser can be injection locked. However, the output power was limited by the non-uniform pumping of the gain medium [4] . In the current design, shown in figure 1, the gain medium is a composite slab, composed of diffusion-bonded layers of Nd-doped and undoped YAG, and the side faces are coated with a layer of SiO 2 . The pump light is gradually absorbed as it propagates along the longitudinal axis of the slab, and the heat is removed from the slab by conduction cooling through the side faces. There is therefore minimal thermal lens in the unstable direction, allowing collimation of the unstable mode and thus good overlap of the mode with the pumped volume. The effect of the thermal lens in the stable direction is reduced by the zigzag of the mode [5] .
Vibration isolation
Reduction of seismic vibration applies to the main Fabry-Perot cavities test masses, and to other mirrors like the input optics and the beam splitter. By reducing the vibrations even at frequencies below the GW detection band (10 Hz-1 kHz), we facilitate the locking of high finesse cavities. As a consequence we will need less force on the actuators to control them, reducing the servo forces needed to maintain the locking and also reducing the noise injection by them.
Actual GW detectors present diverse solutions in order to reduce seismic noise. Different materials and different combinations of isolation techniques including inverse pendulums [6, 7] , cantilever blades [8] and multiple stage pendulums [9] are used to form complex isolation systems. In order to achieve the isolation requirements at low frequencies, different components and techniques have been developed by the University of Western Australia (UWA). A compact isolator structure includes two stages of horizontal pre-isolation, and one stage of vertical pre-isolation, all with resonant frequencies ∼30 mHz, so as to achieve residual motion at the nanometre levels. The isolator illustrated in figure 2(a) consists of an inverted pendulum horizontal stage cascaded with a LaCoste vertical stage [10] . The tilt rigidity of this structure allows us to cascade a Roberts Linkage [11] horizontal stage of preisolation, before the mounting of a four stage multi-pendulum system, where Euler springs for vertical suspension are included [12] . Each of the three intermediate masses is pivoted for self-damping as shown in the schematic of figure 2(b). The self-damping is achieved by mounting the pendulum masses from gimbals which allowed them to freely rock with respect to a short rigid section of the main pendulum chain, and then viscously coupling these two together with magnetic eddy current coupling.
Test masses
Present GW interferometers use fused silica as test mass substrate, but due to the high laser power needed for advanced GW detectors thermal effects play an important role. With higher thermal expansion coefficient and higher thermal conductivity k (an advantage for future cryogenic detectors [13] ), sapphire presents lower thermal gradient effects, which makes it more suitable for advanced GW detectors. Sapphire presents some problems as a test mass substrate due to scattering and relatively high optical absorption (higher than fused silica). Rayleigh scattering measurements have been conducted at UWA in order to characterize and improve the material with results showing inhomogeneous structures and point defects [14] .
Sapphire's higher Q-factor indicates lower thermal noise. By changing the test mass substrate, it is difficult to use fused silica fibres as suspension material due to the differential thermal expansion of the materials. To solve this problem UWA is investigating other alternatives, proposing the use of a niobium flexure [15] . This design requires cutting a small groove into the sapphire test mass. Measurements of Q-factor on sapphire test masses performed at UWA [16] showed that even with roughly cut grooves, the Q-factor is not dramatically affected, reaching values of 2.3 × 10 8 .
Radiation pressure and optical spring effect
At the quantum level, the noise correlations between radiation pressure and intensity fluctuations can be used to suppress the total noise below the standard quantum limit [17] . At the classical level, the cross-coupling between intensity and radiation pressure can lead to various effects which include amplification or attenuation of perturbations, instabilities, bi-stability and mechanical frequency tuning effects. Their effects depend on the parameters of the opto-mechanical system. During the third test at the HOPTF, the built-up power inside the cavity will be ∼200 kW. The radiation pressure force created by the transfer of momentum from photons will be of the order of 1.3 mN [18] . This is enough to cause the suspension pendulum to be deflected by 20 µm, about 40 times the cavity free spectral range [19] . This mirror displacement will modulate the light intensity inside the cavity changing the radiation pressure force. This change will act on the mirror resulting in a spring effect, with a spring constant depending on the frequency offset between the laser and the cavity resonance.
The optical spring effect was recently observed in a bench-top experiment at the ANU using a detuned Fabry-Perot resonator in which one mirror was mounted on a niobium flexure so that it could respond to radiation pressure [20] . The observed shift in the mechanical resonance due to the presence of the optical spring agreed with a simple model.
At UWA, two separate bench-top experiments are being conducted in order to measure and better understand the effects of high power lasers inside optical cavities [21] . These experiments are designed to study the effects of radiation pressure in suspended optics, optical spring effects and parametric instabilities in a high finesse optical cavity in a mechanical niobium resonator [22] .
Thermal lensing
Any optical component in the presence of a laser beam will suffer some thermal lensing as a direct consequence of the power absorbed inside the substrate and coating. The temperature gradient that appears in the test mass substrates depends on the absorption level, the laser power density and is inversely proportional to the substrate thermal conductivity. These thermal effects will seriously degrade the performance of the advanced GW interferometers where very high power builds up inside the main cavities [23] .
Inside the optics, the temperature gradient induces a refractive index gradient making the optics behave like a lens. Moreover, the substrate temperature gradient inside the material due to absorption will produce a non-uniform expansion. As a consequence of this expansion, the optical path length of the transmissive optics is increased, and the radius of curvature (ROC) in reflective optics is also increased.
In order to correct the very strong effect that will be induced in the test mass, continuing work previously done by LIGO [24] and GEO600 [25] groups, a fused silica lens mounted in a ring with controlled heating is proposed [26] . The temperature of the heating ring is adjusted to make the spatial variation in optical path length of the compensating plate exactly opposite to that of the input test mass (ITM).
The Hartmann wavefront sensor
Using a Hartmann plate, an opaque plate sustaining an array of holes, an array of light rays is generated. The rays propagate through the ITM and their positions are recorded using a CCD camera, thereby defining the reference positions. Absorption in the ITM creates a refractive index gradient within the ITM, which refracts the Hartmann rays. The transverse aberration of the rays is then used to calculate the wavefront distortion introduced by the ITM [27] .
In order not to interfere with the optical mode of the cavity we use an off-axis Hartmann sensor, in which the Hartmann rays pass through the ITM at an angle to the longitudinal axis of the optical cavity. A schematic of the input test bench for the Gingin test 1 can be seen in figure 3, where the location of the Hartmann plate is shown. A wavefront sensor will also be used to examine the eigenmodes of the optical cavities to reveal changes in mirror curvatures. These sensors are being tested in bench-top experiments at Adelaide University.
ACIGA high optical power tests
At the HOPTF, an 80 m half-symmetric Fabry-Perot cavity will be used to demonstrate and measure the effects of high laser power in advanced GW interferometry. In order to induce strong thermal effects in the first test, the ITM substrate will be inside the cavity as in figure 4(a) .
These tests involve the following sub-systems. A pre-stabilized laser (PSL) locked to a 10 W laser that for future tests will be upgraded to 50 W. The input test bench includes the mode matching telescope and a He-Ne laser that will be used to measure the deformation and thermal lens of the ITM. The ITM made from a-axis sapphire is flat and has an anti-reflective coating (AR) with R < 100 ppm on the front surface and a T = 1800 ppm out-coupling coating on the back surface. The out-coupling coating is designed to maximize the power build up in the cavity, allowing for the substrate absorption and losses due to the AR coating on the ITM and compensation plate. The end test mass (ETM) made from m-axis sapphire has a 720 m ROC with a high reflectivity (HR) coating. (c) Gingin Test 3: Figure 4 . Gingin tests are designed with different purposes. Test 1 is to quantify and correct thermal lensing effects using two sapphire test masses and a fused silica compensation plate. Test 2 will use the same test masses to study thermal effects in the HR coating. Test 3 includes a fused silica power recycling mirror to increase the power in the cavity for further study of thermal effects and radiation pressure.
Around 7 W of laser power will be delivered to the cavity generating 5 kW inside. The ITM substrate will absorb 2 W of this power changing its ROC from flat to 350 m. This will change the size and position of the cavity waist. The waist radius will change from 8.75 mm to 6.62 mm and will move from the ITM HR coating 56 m to the centre of the cavity, reducing the power inside the cavity by about 20%. To restore the power, a fused silica lens mounted in a compensation plate has been designed. The compensation plate presented in section 6 will be used to counteract the thermal effect of the ITM substrate by creating a temperature gradient opposite to the one in the ITM. In parallel at the input test bench a mirror with a variable ROC will be used as part of the mode matching telescope for adaptive mode matching [28] . The aim is to dynamically correct the laser beam profile before entering the cavity. The final combined optical effect between the ITM and the compensation plate will be a virtually flat test mass. The cavity waist and mode matching will be set back to the cold cavity values, thereby restoring its power.
At the south arm of the HOPTF BK7 optics have been mounted in LIGO suspensions as ITM and ETM under vacuum. These are mounted on top of optical tables (figure 5) in order to characterize the optical system and lock the cavity using a 500 mW Nd:YAG laser, which later on will be replaced by a 10 W laser. The addition of a complete AIGO suspension system will be installed as soon as its digital control system is demonstrated. Figure 6 shows the locked cavity with both test masses inside their respective tanks.
The vacuum enclosure where this experiment is installed is formed by three 3.3 m height and 1.6 m diameter tanks connected by a ∼80 m pipe. An intermediate tank already installed inside the main lab will be used during the third test, which includes a power recycling cavity (PRC). In this tank, we will install the ITM adding a fused silica power recycling mirror in the first tank. The whole vacuum enclosure has been pumped down to 2 × 10 −7 mbar with 8 × 10 −10 mbar total partial hydrocarbon pressure. Gingin test 2 main objective is to test the effects of high laser power in the HR coating. Using the same test masses and leaving the ITM substrate outside the cavity ( figure 4(b) ) the power inside the cavity will be mainly absorbed by the HR coating. The laser power will be increased from 10 W to 50 W. With the addition of a fused silica mirror before the ITM to create a PRC as shown in figure 4(c), Gingin test 3 will work at even higher levels of power. The compensation plate will be used to reduce the thermal effects in the PRC. This configuration will allow us to study the effects of high power dynamics, and will also allow us to investigate radiation pressure and optical spring effects.
Summary
The tests presented here were designed to demonstrate and measure the effects of high power lasers in advanced GW detection. Different approaches and techniques have been developed in collaboration with the international community and the group members of ACIGA. As part of this collaboration ACIGA's research included different fields such as vibration isolation, thermal lensing, high power lasers, radiation pressure and optical spring. These results will
